The following paper reports on a series of experiments that were carried out to verify the possibility of using a plasma, as the nonlinear medium, for generating phase conjugate reflection of electromagnetic waves in the microwave region, by almost degenerate four wave mixing.
A strong pump wave mixes with a weak signal wave, in a non -linear medium (the plasma), to generate a density modulation (the "grating "). A second strong pump wave illuminates this grating and is Bragg diffracted from it, generating a fourth beam, which is the phase conjugate of the signal. The signal frequency is sligrtly shifted with respect to the pumps and so is the PCR beam.
The phase conjugation phenomena has been documented extensively, most notably in the optical spectrum, with a variety of solids and liquids serving as the nonlinear dielectric material.
In the visible spectrum, PCR materials have found use as cavity resonators, in real time image processing and photolithography. INTRODUCTION Phase conjugate reflection (PCR) is a general technique incorporating assorted nonlinear Erects to produce electromagnetic waves that retrace their paths exactly and undergo phase i jugation. * 'P CR via the almost degenerate four wave mixing (ADFWM) is generated in the following A strong pump wave mixes with a weak signal wave, in a non-linear medium (the plasma), to generate a density modulation (the "grating"). A second strong pump wave illuminates this grating and is Bragg diffracted from it, generating a fourth beam, which is the phase conjugate of the signal. The signal frequency is slightly shifted with respect to the pumps and so is the PCR beam.
The phase conjugation phenomena has been documented extensively, most notably in the optical spectrum, with a variety of solids and liquids serving as the nonlinear dielectric material. In the visible spectrum, PCR materials have found use as cavity resonators, in real time image processing and photolithography.
For longer wavelengths, PCR has not been has been suggested as a candidate for PCR.3 linear medium, in particular for generating attracted considerable attention in optical well. 3 realized.
Recently, however, the use of plasma The plasma has long been recognized as a nonwave-mixing effects. 5 Degenerate FWM has PCR,6 and has been suggested for plasmas as In degenerate four wave mixing, all frequencies are equal. Another technique, the doubly DFWM, has been also suggested in plasmas, including the possibility of exciting the ion acoustic resonance. eery recently, 11 DFWM in plasma with high energy CO2 lasers has been reported. No gain is obtained in this case.
The possibility of exciting the ion acoustic wave by two posvrful microwave beams with a slightly different frequency was demonstrated by Pawley et al.
More recently an investigation of PCR by ADFWM of microwaves in a plasma has been undertaken at UCI. 7 5 This work shows that highly amplified PCR can be achieved by tuning the frequency difference between the pump and signal waves to resonate with the ion acoustic mode of the plasma. 
DESCRIPTION OF THE SYSTEM
We consider a fully ionized plasma in a volume V.
The average density, no, of electrons is equal to that of the singly ionized ions. The electron temperature is Te, and that of the ions is T1. The plasma is assumed to be homogenous and no external magnetic field is present. Three electromagnetic (EM) waves of similar frequencies are sent into the plasma, as depicted in Fig. 1 .
The EM waves are arranged so that two counter -moving pump-waves, a and b, with frequency w = w and wave vector ka = -kb run in the plasma and a third wave, the signal wave, s, with a slightly different frequency, w = w + A, is incident on the plasma in a different direction. A fourth wave, c, is generatedaby the stimulated plasma in the opposite direction of the signal wave.
We shall consider here only the case when the three incident waves are almost degenerate in their frequencies, i.e. A # O.
Together with the generated fourth wave we have a system of so-called Four Wave Mixing (FWM), with the plasma playing the role of the nonlinear medium.
3.
MAIN POINTS OF THE THEORY
The theory in great detail was given in Reference 8 and in somewhat shorter form in 7.
The main points will be quoted here.
Plasma density fluctuation, due to the interaction of the pump wave (a) and the signal (s) with the plasma, is given by 4 (a,$) Where e(k,w) is the dielectric response function of the plasma:
w2 k2
and m, w , M, w are the electron mass and plasma frequency and the ion mass and plasma frequency respeòtively. w is the ion acoustic frequency.
w ,co are the pump and signal frequencies. ke is the inverse Debye wave length and Pa is tRe damping factor of the ion acoustic wave, which occurs at: [8M] for Landau damping. At resonance the real mart of a vanishes and IeI = Pa. For longer wavelengths , PCR has not been realized. Recently, however, the use of plasma has been suggested as a candidate for PCR. 3 The plasma has long been recognized as a nonlinear medium, in particular for generating wave-mixing effects.
Degenerate FWM has attracted considerable attention in optical PCR,^ and has been suggested for plasmas as well. 3
In degenerate four wave mixing, all frequencies are equal. Another technique, the doubly DFWM, has been also suggested in plasmas, 3 including the possibility of exciting the ion acoustic resonance, very recently, 11 DFWM in plasma with high energy C0 2 lasers has been reported. No gain is obtained in this case.
The possibility of exciting the ion acoustic wave by two powerful microwave beams with a slightly different frequency was demonstrated by Pawley et al. "
More recently an investigation of PCR by ADFWM of microwaves in a plasma has been undertaken at UCI.''^ This work shows that highly amplified PCR can be achieved by tuning the frequency difference between the pump and signal waves to resonate with the ion acoustic mode of the plasma.
DESCRIPTION OF THE SYSTEM
We consider a fully ionized plasma in a volume V. The average density, no , of electrons is equal to that of the singly ionized ions. The electron temperature is Te , and that of the ions is Tj. The plasma is assumed to be homogenous and no external magnetic field is present. Three electromagnetic (EM) waves of similar frequencies are sent into the plasma, as depicted in Fig. 1 . The EM waves are arranged so that two counter-moving pump-waves, a and b, with frequency u> = u>, and wave vector k Q = -k^ run in the plasma and a third wave, the signal wave, s, witn a slightly different frequency, o> = o> + A, is incident on the plasma in a different direction. A fourth wave, c, is generated by the stimulated plasma in the opposite direction of the signal wave.
We shall consider here only the case when the three incident waves are almost degenerate in their frequencies, i.e. A * 0. Together with the generated fourth wave we have a system of so-called Four Wave Mixing (FWM), with the plasma playing the role of the nonlinear medium.
MAIM POINTS OF THE THEORY
Plasma density fluctuation, due to the interaction of the pump wave (a) and the signal (s) with the plasma, is given by Where e(k,u>) is the dielectric response function of the plasma:
and m, u) , M, u> are the electron mass and plasma frequency and the ion mass and plasma frequency respectively. u> is the ion acoustic frequency. a) ,u) are the pump and signal frequencies. k e is the inverse Debye wave length and T Q is tfie clamping factor of the ion acoustic wave, which occurs at: k e !/' o) = C k and T = ^ . [-57;] for Landau damping, s a k 2 8M
C s = (m/M) ^' 2 V th and we assumed Tj « T e .
At resonance the real nart of e vanishes and lei = r .
The reflected electric field -Ec is given by:
Where K is the gain factor and is given by: and the zero subscript stands for the pump waves. me The gain at the entrance to the plasma, z = 0, is given by
where L is the interaction length of the waves and the plasma.
If KL is made to approach n /2, the gain can grow very significantly. 
THE EXPERIMENTAL SETUP
We have tried to demonstrate the validity of the theoretical results quoted above by building an experiment to generate the phase conjugated beam.
The experiment is described Phase conjugate reflection experiment.
graphite brushes are pulsed initially to a high voltage and emit electrons that ionize the gas.
A permanent magnet alternating cusg arrangement confines the electrons to improve ionization.
Plasma of density up to 10 is generated. A 60 GHz microwave interferometer monitors the plasma density. A high power, 35 GHz magnetron is used to generate the pump waves and the signal.
As displayed in Fig. 2 , the magnetron power is split into two equal parts to form the pump waves which enter the chamber through a horn lens which transmits plane waves. A 20 db directional coupler is used in the left arm to monitor the magnetron power and in the right arm to generate the signal. The frequency difference between the pump and the signals required to excite the ion acoustic wave will result from an amplitude modulation of the signal frequency (generated by the mixer in Fig. 2 ).
Another high directivity directional coupler is used to distinguish the reflected beam from the ongoing signal beam.
A pickup probe will be used to measure the existence of the ion acoustic wave. A four -channel digital oscilloscope is used to monitor the plasma density, input µW power, ion acoustic waves and reflected signals. The reflected electric field -E c is given by: E c (z) = KE s (z) .
(3)
Where K is the gain factor and is given by: X E * 2 2 a) 4 , o o fine *\ / e"\ i me (4) Here r Q = j and the zero subscript stands for the pump waves, me The gain at the entrance to the plasma, z = 0, is given by Ec (0) tgKL (5) where L is the interaction length of the waves and the plasma.
If KL is made to approach n/2 , the gain can grow very significantly.
THE EXPERIMENTAL SETUP
We have tried to demonstrate the validity of the theoretical results quoted above by building an experiment to generate the phase conjugated beam. The experiment is described in graphite brushes are pulsed initially to a high voltage and emit electrons that ionize the gas. A permanent magnet alternating CUSP arrangement confines the electrons to improve ionization. Plasma of density up to 10 12 is generated. A 60 GHz microwave interferometer monitors the plasma density. A high power , 35 GHz magnetron is used to generate the pump waves and the signal.
Another high directivity directional coupler is used to distinguish the reflected beam from the ongoing signal beam. A pickup probe will be used to measure the existence of the ion acoustic wave. A four-channel digital oscilloscope is used to monitor the plasma density, input |iW power, ion acoustic waves and reflected signals. 
ESTIMATE OF TYPICAL PARAMETERS
An estimate of the gain, tgKL, can give a good prediction about the possibility of generating the phase conjugate wave in our experiment.
To estimate K in Eq. (4) for the parameters of our experiment, we take: ro = 2.8 x 10 -13, Te = 2 ev, X0 = 1 cm
The power in each pump wave is up to 20 kW, which yields Eo2 /mc2 = 6 x 105
We take (wet /wog) = . 1 (n = 1012, fo= 30 GHz) and assuming Landau damping, we get K = .09
and L = 15 cm, yields KL = 1.35 or Gain = tgKL = 4.7. This value should clearly be observable.
Another important factor is a typical excitation time (jr) of the ion acoustic waves. This is important for the determination of the minimum length of the microwave pulse.
We take Te = 2 ev, q = Ike -k51 -2n cm -1.
We get Vth = 6 x 107, Cs -105, f = w /2n = 2 MHz. i = 1/(0 = .1 µs.
We choose a pulse length of l0ti > 1 µs. 6 .
EXPERIMENTAL WORK
Our main effort has been devoted to the following subjects:
Construction of the experimental apparatus including: 1) Plasma chamber and vacuum system. 2) Plasma sources. 3) Microwave interferometer for density measurements. 4) Magnetron power supply and pulse forming networks for various pulse lengths. 5) Microwave waveguide setup. 
Diagnostics for the phase coniugate reflections
To distinguish the phase conjugate reflection (PCR) from ordinary reflections, we are relying on the following diagnostics: 1) A Langmuir probe was developed for the detection of the IAW that is generated by the microwave beams. The noise level in our experiment is extremely high because of the high energy used to drive the plasma guns and especially because of the high microwave power present when the magnetron is fired.
To make measurements with a Langmuir probe at this noisy environment, we had to develop special filters and amplifiers. Further, we had to isolate the probe from the system ground by developing a fiber -optic link between the probe and the screen room.
We have already excited ion acoustic waves (IAW) in the plasma, using an electrostatic probe and detected the waves with the Langmuir probe. Currently we are able to use the probe even when the RF is on.
In case that the beat wave (between the pump and signal) induces a signal directly, we can look at the Langmuir probe after the rf turn off (since the induced signal stops immediately, while the ion wave lasts for several cycles. 2) Turning off the mumps and the signal, one at a time, to confirm that the reflection goes away (otherwise it is not a phase conjugate reflection). 3) Changing the relative polarization of one pump with respect to the other and that of the signal to the pumps. 4) If the pump frequency is fo and the signal frequency is fo + f, (f -being the ion acoustic frequency), then the phase conjugate frequency should be fo -f. Detection of this frequency shift is a rigorous confirmation of phase conjugation. A spectrum analyzer will be needed to measure the frequency shift of the reflection. 5) Verifying that the reflection scales as tgKL, where K is the gain factor and L is the interaction length. The theory predicts that K scales linearly with the pump power. 
ESTIMATE OF TYPICAL PARAMETERS
An estimate of the gain, tgicL, can give a good prediction about the possibility of generating the phase conjugate wave in our experiment.
To estimate K in Eq. (4) for the parameters of our experiment, we take: r Q = 2.8 x 10~13 , Te = 2 ev f X = 1 cm
The power in each pump wave is UD to 20 kW, which yields E Q 2 /mc2 = 6 x 10 5
We take (w /co ) = .1 (n = 10 , f = 30 GHz) and assuming Landau damping, we get K = .09 and L = 15 cm, yields KL = 1.35 or Gain = tgicL = 4.7. This value should clearly be observable.
Another important factor is a typical excitation time (T) of the ion acoustic waves. This is important for the determination of the minimum length of the microwave pulse.
We take T = 2 ev, q = Ik -k I ~ 2n cm" 1 .
We get V., = 6 x 10 7 , C ~ 10 5 , f = u>/2* = 2 MHz. T = 1/u = .1 p.s. u n s We choose a pulse length of 10T > 1 |is.
EXPERIMENTAL WORK
6.1. Construction of the experimental apparatus including: 1) Plasma chamber and vacuum system. 2) Plasma sources. 3) Microwave interferometer for density measurements. 4) Magnetron power supply and pulse forming networks for various pulse lengths. 5) Microwave waveguide setup.
Diagnostics for the phase conjugate reflections
To make measurements with a Langmuir probe at this noisy environment, we had to develop special filters and amplifiers. Further, we had to isolate the probe from the system ground by developing a fiber-optic link between the probe and the screen room.
We have already excited ion acoustic waves (IAW) in the plasma, using an electrostatic probe and detected the waves with the Langmuir probe. Currently we are able to use the probe even when the RF is on. In case that the beat wave (between the pump and signal) induces a signal directly, we can look at the Langmuir probe after the rf turn off (since the induced signal stops immediately, while the ion wave lasts for several cycles.
2) Turning off the pumps and the signal, one at a time, to confirm that the reflection goes away (otherwise it is not a phase conjugate reflection).
3) Changing the relative polarization of one pump with respect to the other and that of the signal to the pumps. 4) If the pump frequency is fo and the signal frequency is f o + f, (f-being the ion acoustic frequency), then the phase conjugate frequency should be f o -f. Detection of this frequency shift is a rigorous confirmation of phase conjugation. A spectrum analyzer will be needed to measure the frequency shift of the reflection. 5) Verifying that the reflection scales as tgicL, where K is the gain factor and L is the interaction length. The theory predicts that K scales linearly with the pump power.
At the present we are able to carry out all the above tests except for the frequency shift measurement [(4) above], for which we do not have the spectrum analyzer. 6 .3.
Investigation of the plasma properties
In order to verify that our plasma is appropriate for the PCR, we started to investigate its properties.
By measuring the propagation time of the IAW between two points, we found the electron temperature (3 -6 eV). Measuring the wave growth and decay enabled us to estimate the damping frequency in the system, which was -80 kHz. We have also measured the drift velocity of the plasma which is about 1 cm /microsecond. 6.4. Search for ion acoustic waves and PCR After completing the diagnostics mentioned above, we started to look for the PCR and the ion acoustic waves. The search was carried out as follows:
First, we fired the plasma guns which filled the chamber up with plasma of up to 1012 /cc. At a specified later time we fired the magnetron and measured the ongoing µW power and the reflected µW power, as well as the plasma density (with a µW interferometer) and the fluctuations of density, using the Langmuir probe. We expected to see an increase in reflected power and an onset of the ion acoustic waves when the PCR takes place. The plasma density is controlled by the time delay between the plasma generation and the magnetron pulse. (The longer the delay, the lower the density). Another way to control the density is by changing the current through the guns.
At two different density ranges we did observe an increase in reflectivity but no IAW's. One of these increases turned out to be direct reflection of the signal wave from high density plasma.
(The reflection was not affected by turning the pumps off.
Another reflection increase was found to be due to scattering of the pumps into the signal horn by the plasma at a certain density. The reflection disappeared when the pumps were turned off but was not affected by changes in the signal amplitude. The vacuum reflection level was 10 -3 times the input signal. Hence reflections of the order of 0.1% could be detected.
We have not observed any increase in reflection that could be interpreted as due to phase conjugation and have not observed any IAW's that were excited by the microwaves. During this part of the experiment we varied the following parameters:
Delay between plasma and magnetron (controlling the density). Plasma gun voltage (controlling density and, to some extent, plasma temperature). Length of, magnetron pulse (controlling the bandwidth of the µW pulse and the time the IAW's have for excitation. The bandwidth had to be greater than the IAW frequency, since we hoped to excite the IAW by the natural bandwidth of the radiation in such a way that one portion of the spectrum of the pump will interact with another portion of the spectrum of the signal so that the beat will excite the IAW). Power of signal and pumps (testing the dependence of reflection on power). 6.5 Improvements in the experimental system
The negative results described above lead us to suspect that either our plasma is unsatisfactory as described below or that we need an actual frequency shift between the pumps and the signal in order to excite the IAW.
Many properties of the plasma can affect the PCR:
Inhomogeneities in density and temperature High damping due to:
1.
Te not large enough with respect to T1 (Landau).
2.
Collisions with neutrals.
Charge exchange with neutrals.
4.
Drift of ions out of the excitation region.
5.
Recombination. 6 .
Existence of impurities.
The most significant factor in our case is the high drift velocity of the plasma (-1 cm /µs -comparable to the speed of sound).
To minimize this factor we decided to develop a new plasma source by using a set of graphite brushes pulsed to a high voltage (N 6 uV) to ionize a background gas (He) at 1 + 40 m Torr. After the breakdown, the voltage across the brush -plasma gap drops to 100 -200 V, which is close to optimum for ionization.
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At the present we are able to carry out all the above tests except for the frequency shift measurement [(4) above], for which we do not have the spectrum analyzer.
Investigation of the plasma properties
By measuring the propagation time of the IAW between two points, we found the electron temperature (3-6 eV). Measuring the wave growth and decay enabled us to estimate the damping frequency in the system, which was ~ 80 kHz. We have also measured the drift velocity of the plasma which is about 1 cm/microsecond.
Search for ion acoustic waves and PCR
After completing the diagnostics mentioned above, we started to look for the PCR and the ion acoustic waves. The search was carried out as follows:
First, we fired the plasma guns which filled the chamber up with plasma of up to 10 /cc. At a specified later time we fired the magnetron and measured the ongoing \ivj power and the reflected |iW power, as well as the plasma density (with a jj-W interferometer) and the fluctuations of density, using the Langmuir probe. We expected to see an increase in reflected power and an onset of the ion acoustic waves when the PCR takes place. The plasma density is controlled by the time delay between the plasma generation and the magnetron pulse. (The longer the delay, the lower the density). Another way to control the density is by changing the current through the guns.
At two different density ranges we did observe an increase in reflectivity but no lAW's. One of these increases turned out to be direct reflection of the signal wave from high density plasma.
Another reflection increase was found to be due to scattering of the pumps into the signal horn by the plasma at a certain density. The reflection disappeared when the pumps were turned off but was not affected by changes in the signal amplitude. The vacuum reflection level was 10~3 times the input signal. Hence reflections of the order of 0.1% could be detected.
We have not observed any increase in reflection that could be interpreted as due to phase conjugation and have not observed any lAW's that were excited by the microwaves. During this part of the experiment we varied the following parameters:
Delay between plasma and magnetron (controlling the density).
Plasma gun voltage (controlling density and, to some extent, plasma temperature).
Length of< magnetron pulse (controlling the bandwidth of the |iW pulse and the time the lAW's have for excitation. The bandwidth had to be greater than the IAW frequency, since we hoped to excite the IAW by the natural bandwidth of the radiation in such a way that one portion of the spectrum of the pump will interact with another portion of the spectrum of the signal so that the beat will excite the IAW) . Power of signal and pumps (testing the dependence of reflection on power).
Improvements in the experimental system
The negative results described above lead us to suspect that either our plasma is unsatisfactory as described below or that we need an actual frequency shift between the pumps and the signal in order to excite the IAW. Many properties of the plasma can affect the PCR:
Inhomogeneities in density and temperature High damping due to: The most significant factor in our case is the high drift velocity of the plasma (~ 1 cm/us -comparable to the speed of sound). To minimize this factor we decided to develop a new plasma source by using a set of graphite brushes pulsed to a high voltage (~ 6 uV) to ionize a background gas (He) at 1 -5-40 m Torr. After the breakdown, the voltage across the brush-plasma gap drops to 100-200 V, which is close to optimum for ionization.
The plasma generated this way had a much lower drift velocity (less than 0.1 cs) but had two disadvantages: * Partial ionization -only about 2% of the gas was ionized.
This results in high collisional and charge exchange damping. * Impurities -about half of the plasma was ejected from the brushes and the walls (probably by the high energy electrons at the beginning of the high voltage pulse, before the voltage across the brush -plasma gap drops to -150 V). This plasma was observed even with no gas in the chamber, and lasted for about 200 µs (see Fig. 3 ). With He present in the chamber, the density is about twice as high and lasts much longer (see Fig. 3 ). Thus, if we fire the magnetron after 200 µs, we expect to have mostly He. Plasma generated wits no gas in chamber (bottom) and with He (top). 1000 6.5.1 Frequency shift. At first we hoped that if the bandwidth of the magnetron is greater than the IAW frequency, the ion wave will be excited by those spectral components of the two waves that differ by the IAW frequency. Since we did not observe the IAW, we decided to shift the signal frequency away from that of the pump by amplitude modulation of the signal. We developed a modulator, using an ultrafast pin diode and a fast switching circuit (see Fig. 4 ). With this modulator we get a modulation depth of 70% and the sidebands power was 10 dB below that of the carrier. 
Search for PCR and IAW after the improvements
Using the new plasma source and the modulator, we started looking again for the PCR and the IAW.
The search was similar to that described in paragraph 6.4 but this time we varied an additional parameter -the modulation frequency. Since we do not know the exact frequency of the IAW, we varied the modulation frequency between 500 MHz and 5 MHz, in addition to the density scanning. Again we were looking for PCR and for IAW and have not observed them.
In four shots we observed an unusual result which could hint to the excitation of IAW. In these shots the magnetron became modulated by the signal modulation frequency (see Figs. The plasma generated this way had a much lower drift velocity (less than 0.1 c g ) but had two disadvantages: * Partial ionization -only about 2% of the gas was ionized. This results in high collisional and charge exchange damping. * Impurities -about half of the plasma was ejected from the brushes and the walls (probably by the high energy electrons at the beginning of the high voltage pulse, before the voltage across the brush-plasma gap drops to ~ 150 V). This plasma was observed even with no gas in the chamber, and lasted for about 200 \is (see Fig. 3 ) . With He present in the chamber, the density is about twice as high and lasts much longer (see Fig. 3 ). Thus, if we fire the magnetron after 200 p.s, we expect to have mostly He. 
1000
Plasma generated with no gas in chamber (bottom) and with He (top).
6.5.1 Frequency shift. At first we hoped that if the bandwidth of the magnetron is greater than the IAW frequency, the ion wave will be excited by those spectral components of the two waves that differ by the IAW frequency. Since we did not observe the IAW, we decided to shift the signal frequency away from that of the pump by amplitude modulation of the signal. We developed a modulator, using an ultrafast pin diode and a fast switching circuit (see Fig. 4 ). With this modulator we get a modulation depth of 70% and the sidebands power was 10 dR below that of the carrier. 
Search for PCR and IAW after the improvements
Using the new plasma source and the modulator, we started looking again for the PCR and the I AW. The search was similar to that described in paragraph 6.4 but this time we varied an additional parameter -the modulation frequency. Since we do not know the exact frequency of the IAW, we varied the modulation frequency between 500 MHz and 5 MHz, in addition to the density scanning. Again we were looking for PCR and for IAW and have not observed them.
In four shots we observed an unusual result which could hint to the excitation of IAW. In these shots the magnetron became modulated by the signal modulation frequency (see Figs. Time (psec) Figure 5 . Ordinary microwave pulses.
In Fig. 6 we see that the magnetron is getting modulated, the frequency changes until it is equal to the signal frequency, then it starts changing again and finally, the magnetron power drops somewhat and the modulation stops.
The bottom two curves are the same as the top curves but are brought together for a better comparison of the frequency. This modulation could be a result of locking of the magnetron to this frequency. Modulated magnetron pulse.
.TRIA: 0201V : 5us AU: 0201V : 5us
The calculated power for locking the magnetron is about 1 watt. Since the power in the sideband of the signal was an order of magnitude less, the locking could not result directly from the signal and must have resulted from the pumps.
If the IAW is excited in the plasma, the pump wave can become modulated by the same frequency while passing through the plasma. Then the wave is picked up by the other pump horn and part of it can return to the magnetron and lock it. Unfortunately the results were not reproducible. We had no Langmuir probes in the system when these shots were taken (since the probe may interfere with the plasma, we put it in only part of the shots).
7.
DISCUSSION
Our theory predicts that a plasma can be used as an effective nonlinear medium for the generation of PCR in the cm and sub cm region of the microwaves.
By shifting the signal frequency away from that of the pumps by the ion acoustic frequency, the ion acoustic mode can be resonantly excited and as a result, highly amplified PCR can be obtained. In Fig. 6 we see that the magnetron is getting modulated, the frequency changes until it is equal to the signal frequency, then it starts changing again and finally, the magnetron power drops somewhat and the modulation stops. The bottom two curves are the same as the top curves but are brought together for a better comparison of the frequency. This modulation could be a result of locking of the magnetron to this frequency.
. JRU 020lV : 5us JR2A: 020iV : 5us 50 Time (jusec) Figure 6 . Modulated magnetron pulse.
Our theory predicts that a plasma can be used as an effective nonlinear medium for the generation of PCR in the cm and sub cm region of the microwaves. 3y shifting the signal frequency away from that of the pumps by the ion acoustic frequency, the ion acoustic mode can be resonantly excited and as a result, highly amplified PCR can be obtained.
We built an experiment to try and verify the theory, but have not observed the PCR. Because of the extremely limited budget we had for the experiment and the short time (N 1 year), we built the experiment using only equipment that existed in our laboratory or could be acquired cheaply and quickly.
Our setup had two major disadvantages:
1) The quality of the plasma was poor due to impurities emitted from the brushes and /or the walls, and due to high collision rate (low ionization percentage). 2) Generation of the frequency shift between the signal and the pumps by modulation limits the power in the signal to less than 1 watt. This power is more than 4 orders of magnitude below the pumps' power and may not be enough to beat significantly with the pumps.
Another problem is that the modulator generates both sidebands and the carrier. The carrier is an order of magnitude more powerful than the sidebands and therefore, the signal to noise ratio is reduced by this factor.
To overcome these drawbacks we recommend to use a filament electron source for breakdown discharge of the background gas. In this case all electrons have low energy and, therefore, the amount of impurities is negligible. Furthermore, the electron energy can be externally monitored and optimized for efficient ionization.
A much better microwave system is described in Fig. 7 in a simplified mode.
In this Suggested microwave system system, the frequency of the signal can be independently varied and so can the power levels of both the signal and the pumps. A frequency locking system ensures that the frequency difference is stable (once it has been selected).
The optimum wavelength for a basic experiment is ^-h1GHz, where high power sources are available and the required plasma density is low ("S 10 cc).
This in turn reduces the losses due to collisions and charge exchange significantly.
A drawback of this long wavelength is the large diameter of the plasma container but an experiment in this range, in which the IAW has been excited, has already been done. i°A much better system as described above exists at UCLA. Observation of the PCR described herein has been reported .1 However, the results are preliminary. Since the amplification in Eq. (5) can considerably exceed unity, a cavity can be formed from a phase conjugate reflector and a simple mirror. Such a cavity is a broadband microwave amplifier, and if the amplification exceeds the mirror losses, it is a selfexciting laser.
If the mirror is replaced by a set of two mirrors, forming a Fabry-Perrot etalon, a narrow -band amplifier results.
In cancer hyperthermia therapy, a microwave beam is concentrated on a tumor inside the patient's body. Because of local changes in the index of refraction, it is hard to obtain good concentration of the radiation on the tumor. With a phase conjugate reflector near the patient's body, and a small source inserted into the tumor, the radiation will first make its way out, then be amplified and retrace exactly its path into the body, thus overcoming any irregularities in the index of refraction.
In a somewhat similar way, energy can be transferred from a terrestrial power station energizing a plasma phase conjugate reflector, to an orbiting satellite provided by a weak microwave transmitter. Similarly, a solar energy satellite can send energy to a terrestrial station in the form of a self -guiding, phase conjugate, amplified reflected wave. More generally, power can be transmitted from point to point in response to a weak guiding signal.
Another possible use is automatic tracking of moving objects.
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We built an experiment to try and verify the theory, but have not observed the PCR. Because of the extremely limited budget we had for the experiment and the short time (~ 1 year) , we built the experiment using only equipment that existed in our laboratory or could be acquired cheaply and quickly. Our setup had two major disadvantages:
1) The quality of the plasma was poor due to impurities emitted from the brushes and/or the walls, and due to high collision rate (low ionization percentage). 2) Generation of the frequency shift between the signal and the pumps by modulation limits the power in the signal to less than 1 watt. This power is more than 4 orders of magnitude below the pumps 1 power and may not be enough to beat significantly with the pumps.
A much better microwave system is described in Fig. 7 in a simplified Figure 7 . Suggested microwave system system, the frequency of the signal can be independently varied and so can the power levels of both the signal and the pumps. A frequency locking system ensures that the frequency difference is stable (once it has been selected).~ 3.GHz, where high power sources are 10 cc). This in turn reduces the
The optimum wavelength for a basic experiment is available and the required plasma density is low (~ losses due to collisions and charge exchange significantly. A drawback of this long wavelength is the large diameter of the plasma container but an experiment in this range, in which the IAW has been excited, has already been done. ^ A much better system as described above exists at UCLA. Observation of the PCR described herein has been reported. 2 However, the results are preliminary. 8 .
POSSIBLE APPLICATIONS Phase conjugate reflection of microwaves opens up a new technology with many applications. Since the amplification in Eq. (5) can considerably exceed unity, a cavity can be formed from a phase conjugate reflector and a simple mirror. Such a cavity is a broadband microwave amplifier, and if the amplification exceeds the mirror losses, it is a selfexciting laser. If the mirror is replaced by a set of two mirrors, forming a Fabry-Perrot etalon, a narrow-band amplifier results.
In a somewhat similar way, energy can be transferred from a terrestrial power station energizing a plasma phase conjugate reflector, to an orbiting satellite provided by a weak microwave transmitter. Similarly, a solar energy satellite can send energy to a terrestrial station in the form of a self-guiding, phase conjugate, amplified reflected wave. More generally, power can be transmitted from point to point in response to a weak guiding signal. Another possible use is automatic tracking of moving objects. Such a system is described in principle in Fig. 8 . An ordinary radar illuminates the object with a single pulse.
Some of the energy is reflected by the object back to a PCR. This, in turn, amplifies and focuses the radiation back to the object which has moved somewhat in the meantime, but not enough to escape the beam of the phase conjugator. Now, some of the radiation is reflected by the object at its new position to the PCR, which again amplifies and refocuses the beam. A beam splitter and an array of receivers can monitor the location of the object (or objects).
9. Figure 8 . Automatic tracking using PCR This, in turn r amplifies and focuses the radiation back to the object which has moved somewhat in the meantime, but not enough to escape the beam of the phase conjugator. Now, some of the radiation is reflected by the object at its new position to the PCR, which again amplifies and refocuses the beam. A beam splitter and an array of receivers can monitor the location of the object (or objects).
9.
